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ABSTRACT 
 
GAVIN C. HEYMANN:  Temporary Anchorage Devices for Maxillary Protraction:  3D 
Analysis of Treatment Outcomes 
(Under the direction of Dr. Camilla Tulloch) 
 
 
 
 The purpose of this pilot study was to describe outcomes in preadolescent maxillary 
deficient patients treated with a novel technique for maxillary protraction using temporary 
anchorage devices (TADs).  The study was comprised of three sections:  1) comparison of 
outcomes in 2D to existing reverse pull headgear (RPHG) literature, 2) description of 
outcomes in 3D from cone beam computed tomography (CBCT) data, and 3) assessment of 
inter-examiner reliability for the 3D analytic method.  Outcomes were assessed for six 
consecutively completed cases.  Maxillary protraction of varying degrees was observed in all 
cases with minimal dentoalveolar compensation.  The magnitude of skeletal changes 
observed were generally comparable to that which has been reported in the RPHG literature.  
The 3D analytic method was helpful in describing change over time in growing patients and 
the inter-examiner reliability of the analysis method was good. 
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I.  INTRODUCTION 
The Class III Problem  
Patients with Class III malocclusion comprise a relatively small percentage of the 
average orthodontic practice, but they are some of the most difficult to treat effectively and 
efficiently.  Currently accepted treatment options include early treatment aimed at achieving 
a combination of orthopedic correction and dentoalveolar compensation, later comprehensive 
orthodontics following cessation of mandibular growth, or for the more severe cases, 
orthognathic surgery.  The maxillary deficient Class III patient has traditionally been treated 
at an early age with maxillary protraction by means of reverse pull headgear (RPHG).  With 
the recent increase in use of temporary skeletal anchorage devices in orthodontic treatment, 
the concept of maxillary protraction has been revisited in an attempt to minimize the 
unwanted dentoalveolar effects of the currently accepted method, while maximizing 
orthopedic change.   
Purpose 
This pilot study was designed to serve as an initial assessment of a new treatment 
modality in an effort to provide better understanding of the physiological response to 
maxillary protraction by means of temporary skeletal anchorage devices.  The study involved 
the development of a 3D analytic method to observe the outcomes of treatment for young 
growing patients, and is comprised of three sections: 
1. Documentation of treatment outcomes in 2D, and comparison to published data from 
RPHG studies as well as untreated Class III patients. 
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2. Description of treatment outcomes in 3D for a sequential series of patients. 
3. Validation of the method of superimposition of 3D models created from Cone Beam 
Computed Tomography (CBCT) scans of preadolescent patients. 
 The underlying hypothesis of this study was:  the innovative treatment method would 
provide orthopedic correction with minimal dentoalveolar compensation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
II.  BACKGROUND 
The Skeletal Class III Patient 
The prevalence of skeletal Class III malocclusion in North America has been reported 
to be 1-3% in populations of European descent.1  Class III malocclusion has a greater 
prevalence in other ethnic groups, most specifically those from Asian countries where 
prevalence has been reported to as high as 14% -16% in certain populations.2, 3  For this 
reason orthodontic treatment in Korea, Japan, and other Asian countries involves 
considerably more treatment of Class III patients than in the United States.  A skeletal Class 
III malocclusion was once thought to be caused solely by a large and protrusive mandible.  
However, studies that have explored the components of Class III malocclusion have shown 
that it may be the result of a large or anteriorly positioned mandible, a small or posteriorly 
positioned maxilla, or a combination of both, coupled with dentoalveolar changes.  
According to studies by Ellis et al4 and Guyer et al5, maxillary deficiency appears to be a 
component in the majority (approximately 60%) of skeletal Class III patients.  Interestingly, 
Guyer et al5 reported that less than 20% of their sample were characterized by mandibular 
prognathism alone.  These studies emphasize the important point that Skeletal Class III 
malocclusion is multifactorial and is not a single discrete diagnosis.  It does seem however, 
that maxillary deficiency (antero-posterior and or vertical) does play a role in most skeletal 
Class III’s. 
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Treatment Options 
Skeletal Class III patients have always posed problems for orthodontists with regard 
to treatment planning, and this largely relates to the growing patient.  The options of 
treatment for growing patients include protraction of the maxilla or chin cup treatment to 
attempt to prevent the growth of the mandible.  In either case the goal in the growing patient 
is to achieve as much skeletal correction as possible, and hope to maintain this correction 
until all growth is completed.  In adult patients or patients with more severe skeletal 
discrepancies the treatment options include camouflage treatment involving extraction of 
lower incisor(s) or premolars, and or orthognathic surgery.  If surgery is the treatment of 
choice to correct the skeletal Class III then the specific options are Bilateral Sagittal Split 
Osteotomy to position the mandible posteriorly, the Lefort I osteotomy to position the 
maxilla anteriorly, or a combination of both of these procedures. 
Reverse Pull Head Gear 
 With regard to treatment of maxillary deficient Class III patients much attention has 
been paid to early orthopedic correction of such a malocclusion by means of RPHG for 
maxillary protraction.  This is the currently accepted or standard method of treatment for 
preadolescent patients with maxillary deficiency.  Limitations of this method are that the 
forces are applied to teeth, resulting in uncertain skeletal effects and often unwanted 
dentoalveolar effects.  Also, excellent compliance is required which may be difficult to 
achieve with such a cumbersome extra-oral appliance as RPHG.  Treatment regimens 
recommend wearing the appliance for 12-16 hours per day for a total duration of 9-12 
months.  Full time wear would seemingly give the greatest potential for orthopedic change, 
but it is somewhat unrealistic to expect such wear from most patients.  Ultimately, the total 
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treatment time involving maxillary protraction is decided by the clinical outcomes.  That is, 
protraction is usually continued until 3-5 mm of positive overjet is achieved.  There are 
numerous studies6-15 that document the short term outcomes of the traditional treatment, and 
the results generally show some limited orthopedic effect on the maxilla (on average 2-
3mm), a clockwise (down and back) rotation of the mandible, and dentoalveolar changes 
consistent with treatment of a Class III malocclusion with maxillary deficiency (proclination 
of maxillary incisors and retroclination of mandibular incisors).  Long term follow-up of 
patients treated with RPHG indicate between a 25 and 33% chance of relapse to negative 
overjet after all mandibular growth is complete.16-19  The dentoalveolar changes tend to be 
the most prone to relapse.6  It appears therefore, that it would be advantageous to eliminate or 
at least minimize dentoalveolar effects and maximize orthopedic effects of treatment.  A 
significant proportion of patients with primarily maxillary deficient Class III skeletal 
malocclusion ultimately require orthognathic surgery to correct their problem.  Any treatment 
that could either eliminate the need for orthognathic surgery or reduce the extent of surgery 
in the future would be truly beneficial to these patients. 
Chin Cup Appliance 
The other treatment approach aimed at growth modification in the young Class III 
patient is the use of a chin cup appliance.  This appliance is designed to apply a posterior-
superior directed force to the mandible delivered at the chin.  This force is intended to 
restrain growth of the mandible and aid in correction of the skeletal Class III malocclusion.  
Attempts to retard mandibular growth by using the forces described above have been shown 
to be only marginally successful.  The idea is valid, and is supported by some data from 
animal studies.  Janzen et al20 studied this technique on rhesus monkeys and reported 
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outcomes consistent with restraining mandibular growth.  In that study the monkeys 
continuously wore a chin cup appliance that exerted 150g of force bilaterally for 140 days.  
The authors reported cephalometric, anatomic, and histological changes in the monkeys after 
the treatment was ceased.  Among the cephalometric changes they reported were a 
disturbance in the normal downward and forward development of the entire dentofacial 
complex, decrease in mandibular plane angle, lack of the normal increase in mandibular 
ramus height, a relatively unchanged anteroposterior position of the mandible relative to 
cranial base, and an increase in lower incisor angulation.  By means of dissection the 
following anatomic findings were made:  short and thickened condylar necks, absence of 
fully developed sigmoid notches, antegonial notching, and presentation of the coronoid 
processes as the most superior part of the mandible.  Finally, upon histological examination 
the authors reported the following findings:  resorption at the posterior surfaces of the 
condyles and posterior and superior surfaces of the glenoid fossae, apposition at the anterior 
surfaces of the condyles, and absence of any inflammatory or degenerative changes.  These 
findings are consistent with study by Kanematsu21 who reported the histologic findings in 
Macaca irus treated with chin cup appliances.  He noted resorptive activity at the condylar 
necks, and apposition on the posterior border of the mandibular rami which resulted in a 
reduction of the gonial angles.  He also reported bone apposition on the anterior surfaces of 
the condyle, and resorption on the superior surfaces of the glenoid fossa and posterior 
surfaces of the condyles.   
While the animal study findings seem to confirm that mandibular growth may be 
restrained by the use of a chin cup, it is clear that similar outcomes in preadolescent humans 
would be highly unlikely due the impracticality of wearing a chin cup for 24 hours per day 
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over the course of treatment.  That being said, the chin cup has remained in the 
armamentarium of some orthodontists for the treatment of young Class III patients.  There 
are several reports in the literature about what outcomes are seen in humans with this 
treatment.  Mimura et al22 reported the morphologic adaptations in the temporomandibular 
joint (assessed via lateral cephalograms) after chin cup therapy for 19 patients with a mean 
age of 10 years 2 months.  Chin cup use was initiated prior to and continued until after the 
adolescent growth spurt, and the mean duration of chin cup wear was 2 years 1 month.  
Compared to the study’s control patients who were similar in age, sex, skeletal and dental 
malocclusion, the chincup patients showed the following changes:  deepening and widening 
of the glenoid fossae, condylar heads bent forward and elongated, and the distance between 
the condyle and the posterior / superior wall of the fossa was decreased.  A study by Üçüncü 
et al23 compared treatment effects of chin cups and maxillary protraction appliances, and the 
common findings in the chin cup group were as follows:  significant decreases in SNB and 
facial axis, significant increases in ramus height, lower face height, anterior and posterior 
face heights, and ANB.  As might be expected there was significantly less change in SNA for 
the chin cup group than for the maxillary protraction group.  However, there was not a 
significant difference in change in SNB or ANB between the two groups.  These findings 
seem to reinforce the idea that the chin cup appliance can be helpful in treating young Class 
III patients, but in the specific case of maxillary deficiency, RPHG may be the better 
treatment modality. 
Mechanics of Maxillary Protraction 
 The idea of advancing the maxilla by means of traction gained attention and 
popularity in 1971 when Jean Delaire24 described the use of facemask treatment.  He reported 
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favorable orthopedic changes using his facemask for maxillary protraction and emphasized 
the importance of timing this treatment to maximize the desired affect on the maxilla.25  Most 
treatment protocols for RPHG involve similar mechanics.  An extraoral facemask is used to 
apply protraction forces to the maxillary dentition and the reciprocal forces are directed via 
the mask to the chin and forehead.  The magnitude of force is usually between 250g-800g 
and is delivered via elastics to the maxillary dentition.  Variations in appliance design, such 
as the use of cast splints, Hyrax-type expanders, and trans-palatal connectors have all been 
used in an attempt to increase the skeletal movements while minimizing the dentoalveolar 
compensation. 
The point of force application to the maxilla is variable and results in slightly 
different treatment effects, but is aimed in all cases at directing the force through the center 
of resistance of the maxilla in order to maximize the skeletal effects.   The precise location of 
the maxillary center of resistance has been reported by different authors to be in varying 
locations.  Results reported by Hata et al26 describe the maxillary center of resistance as 
being 5 mm above the nasal floor.  The authors used dried skulls to assess strain created from 
face mask protraction with various levels of force application relative to the occlusal plane.  
Tanne et al27 reported the center of resistance for the maxilla to be located between the root 
tips of the upper first and second premolars, while Staggers et al28 reported that it was located 
a the level of the zygomatic buttress.  Studies that have compared treatment outcomes in 
patients treated with varying points of force application have shown some subtle differences.  
Keles et al29 compared patients treated with forces applied intraorally from the canine region 
with a downward direction at a 30 degree angle to the occlusal plane (group 1) to patients 
treated with force applied extraorally at a level 20 mm above the maxillary occlusal plane 
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(group 2).  The authors reported that both groups had similar amounts of maxillary 
advancement, but the group 1 patients showed counterclockwise rotation of the maxilla, 
without rotation of the maxillary occlusal plane.   Group 2 showed anterior movement of the 
maxilla without rotation, and a clockwise rotation of the maxillary occlusal plane.  Nanda30 
also reported being able to eliminate counterclockwise rotation of the maxilla by using a 
modified protraction face bow design that allowed force to be applied at a higher level than 
the maxillary occlusal plane. 
Treatment Timing 
 Maxillary protraction is indeed a type of growth modification treatment.  Thus it 
seems logical to coordinate the treatment with the time in which the maxilla is growing at a 
maximum rate.  “Conventional wisdom” has dictated the recommended treatment initiation 
times thus far.  Ochoa et al31 studied growth of the mandible and maxilla in subjects from age 
6 to 20 years.  The authors used data from the Denver Growth Study, and they reported the 
greatest rate of maxillary growth occurred between the ages of 6 and 8 years.  They noted 
significant increase in incremental growth of the maxilla that continued on average until age 
14.  They reported a halting of any significant maxillary growth in females after age 12, and 
showed some small growth continuing in males to as late as 20.  Timing treatment to 
coincide with peak maxillary growth is not the only consideration.  The increasing 
interdigitation of the circummaxillary sutures with age is another indicator that maxillary 
protraction should begin perhaps earlier rather than later.  This is important in light of how 
the maxillary complex undergoes bone apposition at the sutures as the growth of the 
surrounding soft tissues translates the maxilla downward and forward.32  According to 
Proffit33, treatment should be initiated before approximately age10, with the ideal being 
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before age 8.  Multiple studies support this “earlier is better” approach to maxillary 
protraction.  Franchi et al34 reported that treatment with rapid maxillary expansion and 
maxillary protraction is more effective when it is begun in early mixed or late deciduous 
dentition rather than in the late mixed dentition.  However, they also reported that patients 
treated earlier saw greater post-pubertal modifications in both maxillary and mandibular 
structures, while the later treatment resulted in only a significant restriction of mandibular 
growth.  Similarly, Kapust et al35 compared three separate age groups (4-7 years old, 7-10 
years old, and 10-14 years old) and reported that the youngest group showed the greatest 
treatment change.  Finally, Saadia et al36 also reported that orthopedic treatment changes 
were greater in a younger patients (3-9 years old) as compared to those treated later (9-12).     
However, successful maxillary protraction can occur when treatment is initiated later.  
For example, Merwin et al37 reported no difference in orthopedic outcomes when maxillary 
protraction therapy was initiated either before age 8 (5-8) or after age 8 (8-12).  This finding 
was supported by Takada15 who reported successful maxillary protraction and chin cup 
therapy through puberty, but suggested treatment did not produce significant orthopedic 
results in post-pubertal patients.  Similarly, Cha10 compared treatment outcomes in  patients 
from three age groups:  pre-pubertal growth spurt, during pubertal growth spurt, and post-
pubertal growth spurt.  He reported no difference in the effects of maxillary protraction 
between pre-pubertal patients and patients treated during their pubertal growth spurt.  
However, the post-pubertal group showed less orthopedic change (maxillary advancement) 
and more dentoalveolar change than the other groups.  Clinical results of maxillary 
protraction in Korean children were reported by Baik et al9 who concluded there was no 
statistically significant difference in outcomes between three age groups (less than 10 years 
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old, 10-12 years old, and 12-13 years old).  These reports are clearly contrary to the idea that 
earlier treatment is absolutely better than late, and offer a different perspective with regard to 
treatment timing of maxillary protraction.  
Many Class III patients ultimately do require orthognathic surgery to correct their 
malocclusion.  Some maxillary deficient patients have malocclusions severe enough to 
require early treatment to improve appearance and prevent negative stigmatization.  The 
problem with any early treatment in these patients (surgery or orthopedic) is that there is the 
risk of the patient outgrowing the initial correction, necessitating re-treatment.  The problem 
with late treatment is that the chance for maximum orthopedic correction is missed, and the 
patient may have to carry an increased social burden during adolescent years.  Thus, early 
maxillary protraction may be undertaken for several reasons:  1) to maximize the chance of 
orthopedic correction and achieve a possible “one-shot” correction; 2) improve the 
appearance during adolescent years so as to minimize the social burden; 3) reduce the 
magnitude of future surgical movements or avoid the need for surgical re-treatment. 
Temporary Skeletal Anchorage 
The first reported use of skeletal anchorage was by Gainsforth and Higley38 in 1945.  
These researchers placed vitallium screws into the mandibular rami of dogs.  They reported 
limited success with tooth movement due to loosening of the implants, however their work 
set the stage for temporary skeletal anchorage in orthodontics.  Recently the use of temporary 
anchorage devices (TADs) as means of absolute anchorage has seen a dramatic increase in 
the field of orthodontics.  Orthodontic movements that were previously thought to be 
impossible due to anchorage limitations are now possible by means of skeletal anchorage.  
The premise of this technique is based on the fact that such implantable devices do not move 
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when subjected to orthodontic forces.  Currently there are several general types of 
implantable devices for use as orthodontic anchorage.  These include conventional 
endosseous dental implants (which are not intended to be temporary), palatal implants, 
onplants, miniscrews, and miniplates.  Numerous studies have shown all of these types of 
devices to be valuable treatment modalities.39  
Titanium miniplates are frequently used in orthognathic surgery for osteotomy 
fixation or in the fixation of fractures.  Several authors have reported the successful use of 
titanium miniplates as skeletal anchorage devices for multiple orthodontic applications.40-43 
These applications have almost exclusively been focused on achieving different dental 
movements.  Recently there have been some case reports that have explored the use of TADs 
as an adjunct to orthopedic treatment.  This idea had already been introduced in 1985 by 
Kokich et al44 who applied protraction forces from a face mask to intentionally ankylosed 
primary canines in a maxillary deficient patient.  This force applied to the canines resulted in 
4 mm of maxillary protraction.  Though the authors did not use temporary skeletal anchorage 
devices, their “natural implants” resulted in outcomes similar to those seen with such 
devices.   
In 1988 Smalley et al45 experimented with osseointegrated Branemark style implants 
used for maxillary protraction in monkeys (Macaca nemestrina).  In this study implants were 
placed into the maxillary, zygomatic, frontal and occipital bones of the monkeys.  The cranial 
implants were used only to support the extraoral appliance framework.  Protraction forces of 
600g were applied from the traction device to the maxillary and zygomatic implants.  Four 
monkeys were treated in this report:  One with force only to the maxillary implants, one with 
force only to the zygomatic implants, and two with forces applied to both maxillary and 
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zygomatic implants.  The force was maintained for 12-18 weeks in all animals until 
approximately 8 mm of maxillary anterior displacement had occurred.  Dry skull analysis 
showed significant sutural expansion with bones adjacent to the zygomaticomaxillary and 
palatomaxillary sutures completely disarticulated.  Disarticulation of bones adjacent to 
zygomaticofrontal and sphenozygomatic sutures also occurred in one of the animals.  This 
significant skeletal protraction in all animals was supported by cephalometric analysis as 
well.   
These ideas of using implantable devices have been extended to clinical care, and 
case reports of patients treated with various techniques have started to appear over recent 
years.  All of the available reports involve the use of a face mask for application of force to 
some type of implantable device.  The first of these reports was by Singer et al46 in 2000, and 
it documented the treatment of a 12 year old female with a Class III malocclusion with 
maxillary deficiency secondary to unilateral cleft lip and palate repair.  The patient had two 
Branemark implants placed in the zygomatic buttresses of the maxilla, and 400g of elastic 
traction was applied from a Petit facemask to abutments on the implants.  The force was 
applied at a 30 degree downward angle to the occlusal plane.  The patient was instructed to 
wear the facemask 14 hours per day and traction was continued for 8 months until positive 
overjet was achieved. Cephalometric analysis showed 4 mm of forward and downward 
movement of the maxilla as well as slight clockwise rotation of the mandible.  
Three years later Enacar et al47 reported treatment of a 10 year old girl, again with 
extraoral protraction forces from a face mask to an implant supported appliance.  The patient 
was missing multiple teeth, so the anterior teeth were all banded and a palatal bar was 
soldered to them, and in turn the bar was attached to a titanium lag screw placed in the 
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maxillary alveolus.  The appliance also had a labial wire in the incisor region that included 
hooks for elastic fixation.  A Petit facemask was used to apply 800g of force to both of the 
appliance hooks, and the forces were directed at approximately 30 degrees downward to the 
occlusal plane.  Traction was continued for seven months until positive overjet was achieved.  
Cephalometric analysis showed approximately 3 mm of anterior displacement of the ANS 
region.  The analysis also showed significant clockwise rotation of the mandible that is 
consistent with facemask wear. 
In 2005 Hong et al48 reported treatment of an 11 year old girl with extraoral 
protraction forces to an onplant placed on the palatal bone.  A transpalatal arch was soldered 
to a cast splint that was connected to all maxillary teeth. This appliance was attached to the 
onplant.  A Petit facemask was used to apply 400g of force per side to the canine regions, and 
the force was directed at 30 degrees downward to the occlusal plane.  The patient was 
instructed to wear the facemask for 12 hours per day, and traction was continued for 12 
months until positive overjet had been achieved.  Cephalometric analysis showed that the 
maxilla was displaced 2.9 mm horizontally and 2.9 mm vertically.   The analysis also showed 
some clockwise rotation of the mandible.  In the same year Liu et al49 reported their 
technique of sutural distraction osteogenesis (SDO) which involved protraction forces from a 
face mask to traction hooks that were anchored to holes on the lateral aspects of the piriform 
aperture, and extended out through the nostrils.  The authors reported dramatic midfacial 
advancement in patients between the ages of 6 to 12 years.     
In 2006 Kircelli et al50 reported treatment of an 11 year old girl with extraoral 
protraction forces from a facemask to titanium miniplates placed on the lateral nasal wall of 
the maxilla.  In this case 150 g of force per side was initially applied to the miniplate 
 15 
extensions by means of face mask supported elastics.  Later the force magnitude was 
increased to 350 g per side.  Throughout treatment the force was applied at a 30 degree 
downward angle to the occlusal plane.  The patient was instructed to wear the facemask full 
time, and traction was continued for 12 months until positive overjet was achieved.  
Cephalometric analysis showed that the maxilla was displaced 8 mm anteriorly, and there 
was slight clockwise rotation of the mandible.   
The most recent of these reports was published by Kircelli et al51 in 2008, who 
reported the outcomes of six consecutive cases treated in the same manner as their earlier 
report, and a mean A-point advancement of 4.8 mm was observed.  The authors also noted 
significant change in the infraorbital region. 
While the case reports are limited they do appear to show great potential for the use 
of TADs as adjuncts to orthopedic treatment.  All of the available reports involved the use of 
extra oral traction by means of a face mask, and to date there is no published documentation 
of using TADs in both jaws with traction from intermaxillary elastics instead.  This is clearly 
an area that requires further investigation.  With any new treatment it is important to 
carefully assess the outcomes in ways that help to maximize our understanding of the 
changes.  With the relatively recent advent of 3D radiographic imaging in dentistry it is 
possible to gain significantly more information than 2D imaging alone. 
Three Dimensional Imaging 
 The lateral cephalometric head film has been the standard radiographic image used to 
aid in diagnosis and treatment planning of orthodontic cases for over a half-century.  There is 
no doubt that accurate images of the craniofacial region are critical for the development of a 
good diagnosis and treatment plan.  However, there are some limitations with standard 2D 
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imaging that particularly hinder the attempt to provide a more comprehensive description of 
treatment outcomes.  Diagnosis, treatment planning, and assessment of change over time 
have been based on the use of 2D landmarks.  Angular and linear measurements between 
landmarks are able to provide useful information about change over time in the 
anteroposterior and vertical planes of space, but even then the assessment is based on change 
that occurred at discrete points placed on a 2D rendering of a 3D object.  Inherent in this 
approach is the limitation of being unable to assess how entire surfaces changed rather than 
discrete points.  Furthermore, the lateral cephalogram provides no information with regard to 
the transverse plane of space, while the PA cephalogram is only of limited value for 
assessing change in this dimension.  It seems clear that the significantly greater amount of 
information acquired with 3D imaging techniques has the potential to allow for more 
thorough diagnosis, treatment planning, and assessment of change over time. 
With the introduction of computed tomography (CT) there was the potential to 
provide high quality, accurate 3D images of any anatomic region.  Conventional CT has had 
some applications in dentistry, but has been hindered by several limitations.  CT scans have 
tended to be more expensive, require longer scan times, and have a higher ionizing radiation 
exposure.  Recently there have been several advances in the area of 3D dental radiographic 
imaging including the use of Cone Beam Computed Tomography (CBCT).  CT and CBCT 
differ in a variety of ways.  With conventional CT the acquisition of the image is achieved by 
the rotation of a fan shaped x-ray beam in a circular or spiral pattern around the patient.  This 
x-ray beam is emitted from a high output rotating anode generator.  The result of a 
conventional CT scan is a series of axial plane slices that are acquired either from the 
continuous circular motion over the axial plane, or as a series of stacked slices.52  CBCT 
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images are acquired by means of a fixed low-energy anode that emits a cone shaped x-ray 
beam that is directed at the region of interest.  The beam passes 360 degrees around the 
patient in one revolution versus the multiple revolutions necessary with conventional CT.  
This cone-shaped beam coupled with a special image intensifier and sensor lead to efficient 
use of x-ray emission and reduced absorbed dose of radiation to the patient.53  The radiation 
exposure dose is significantly different between conventional CT and CBCT.  CBCT use for 
maxillofacial imaging produces an effective dose that is 8-10 times less than a similar 
conventional CT exam.54  A CBCT scan has ionizing radiation exposure to the patient that is 
between 2 and 4.5 times higher than a lateral cephalometric and panoramic film combined.55  
The average scan time for image acquisition of a CBCT is between 10-40 seconds and 
exposure dose is about 50 µSv.56  With regard to ionizing radiation exposure, the 150µSv 
associated with a full mouth radiographic examination (D speed film, round collimation) 
utilizes about 3 times the dose of the New Tom 3G exam.55  This dose is equivalent to 4-6 
days of per capita background dose. 
 The image resolution of CBCT is between 0.1-0.5 mm depending on the scanner and 
its settings.  These values are the dimensions in the x, y, and z planes of the smallest element 
of a 3D image, known as a volume element (voxel).53  
The benefit to using CBCT data is the ability to view maxillofacial regions in three 
dimensions via a digital representation of the patient’s anatomy as it exists in nature 
(anatomic truth).53  This concept represents a definite advantage over traditional 2D views 
that may be hindered by rotational, geometric, and head positioning errors.  These errors may 
lead to inaccurate representation of anatomic landmarks, or poor visualization of some 
structures.  The problem of necessary image calibration for magnification of the 2D 
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projection is also eliminated with CBCT data.  Traditional 2D imaging always yields some 
level of projection error due to the fact that the anatomic area of interest is some distance 
from the film onto which the image is being projected.  CBCT projections are orthogonal, 
meaning that the x-ray beams are parallel to one another, and the source to object distance is 
quite small resulting in very little projection error.  The small amount of projection error that 
does exist is corrected by the CBCT scanner’s software which results in 1to1 data.52 
Superimposition of lateral cephalometric films has been the standard in objective 
assessment and quantification of changes due to treatment and growth for many years.  
However, recently the superimposition of 3D models created from CBCT scans has been 
explored and validated in non-growing orthognathic surgery patients.57, 58 
The diagnostic data that is acquired for a CBCT scan is not limited to 3D information 
only.  Orthodontists are familiar with analyzing the standard 2D lateral cephalograms and 
panoramic radiographs, and both of these projections can be created by imaging software 
directly from the CBCT data.  This allows the orthodontist to obtain the traditional 2D 
images as well as 3D data all from one exposure.  The “synthetic” cephalograms created 
from CBCT have been shown to recreate conventional cephalometric geometry with similar 
precision and accuracy.59, 60  Furthermore, midsaggittal plane measurements are made with 
greater accuracy from orthogonal CBCT projections than from conventional cephalometric 
images, or non orthogonal (perspective) CBCT projections.59  
Given the advantages of 3D radiographic imaging for thorough assessment of 
treatment outcomes, this study utilized CBCT data to study patients treated with maxillary 
protraction involving the use of TADs in both the maxilla and mandible. 
III.  METHODS 
 A prospective study was undertaken in the Department of Orthodontics at the 
University of North Carolina at Chapel Hill (UNC) School of Dentistry to explore the 
treatment outcomes in patients treated with a novel technique of maxillary protraction using 
intermaxillary elastics between TADs in the maxilla and mandible.  This was a pilot study 
employing collaboration between the UNC Department of Orthodontics, The Universite 
Catholique de Louvain in Brussels, Belgium, and a private practitioner in Brussels, Belgium.  
This project was approved by the Committee for Research on Human Subjects at the 
University of North Carolina.   
Sample Selection 
 The goal for the study was to enroll 3-7 patients between ages 9 and 14 years to 
participate in the experimental treatment protocol and have outcomes analyzed.  There was 
concern that there may be difficulty enrolling enough subjects at one center, so the decision 
was made to collaborate with colleagues in Belgium who developed the experimental 
treatment protocol.  Criteria that determined who could participate in the study were as 
follows: 
Inclusion Criteria 
• Between the ages of 9-14 years of age at the initiation of treatment 
• Skeletal Class III due primarily to maxillary deficiency (as determined by clinical 
examination including profile evaluation and or cephalometric analysis). 
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• Class III dental occlusion as determined by the relationship of the permanent first 
molars, and or overjet less than or equal to zero. 
• Adequate dental development.  Specifically, the mandibular permanent canines had to 
be erupted or near eruption in order to avoid risk of injury to these teeth during 
surgical placement of the miniplates. 
Exclusion Criteria 
• Outside the age range of 9-14 years at initiation of treatment.  This range was defined 
by recommendations in the literature associated with traditional methods of maxillary 
protraction, as well as limitations associated with this specific treatment technique.  
Patients younger than 9 years might experience a therapeutic benefit from the 
protraction treatment, but lack of dental development complicates the TAD 
placement.  Specifically, in patients younger than 9 years there is an increased chance 
of insufficient vertical development of the maxilla in the infrazygomatic region as 
well as increased chance of surgical damage to permanent tooth buds or roots in the 
mandible.  With age these concerns become less evident.  The upper age limit was set 
at 14 years because the existing body of literature suggests that orthopedic treatment 
(maxillary protraction) tends to be less successful after cessation of adolescent 
growth.  Fourteen is already older than what most of the literature would suggest as 
the ideal time to initiate orthopedic treatment.  However, following the hypothesis 
that protraction of the maxilla using TADs would allow for maximum orthopedic 
change, it seemed reasonable to evaluate a wider age range. 
• Stage of dental development that precludes safe placement of temporary skeletal 
anchorage devices.  Specifically, if conditions such as tooth buds, or inadequate 
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vertical development of the maxilla or mandible preclude safe placement of the 
skeletal anchorage devices, then such patients would be excluded.  An assessment of 
these conditions was made by means of clinical examination at the time of initial 
screening for acceptance into the Graduate Orthodontic or Pediatric Dentistry clinics 
at the University of North Carolina School of Dentistry. 
• Congenital defects with craniofacial manifestations including but not limited to cleft 
lip / palate and synostoses. 
• Previous or current orthodontic / dentofacial orthopedic treatment.  Such patients 
could have dentoalveolar compensations as a result of treatment that could mask the 
outcomes of the experimental treatment.  In patients undergoing orthodontic 
treatment it would be difficult to determine whether outcomes were due to the 
experimental maxillary protraction or to orthodontic compensations. 
• Medical conditions that require antibiotic prophylaxis during dental procedures to 
prevent bacteremias.  Immunosuppressant therapy, bleeding problems associated with 
anticoagulant therapy, hemophilia, leukemia, liver disease, and congenital heart 
disease were also contraindications for participation in this study. 
In the UNC arm of the study an email and letter were sent to all residents and 
attending faculty in the Departments of Orthodontics and Pediatric Dentistry informing them 
of the study and asking for their aid in identifying patients who might be eligible to 
participate.  Patients who were identified as potential participants at initial orthodontic 
screening appointments (to decide if they would be accepted for treatment in the graduate 
orthodontic clinic) were examined by the principle investigator (GH) and one faculty 
member (CT).  Patients were examined to verify that all inclusion criteria were met, and no 
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exclusion criteria were evident.  In the Belgian arm of the study, patients were identified by 
one orthodontist (HD) in his private practice office, and by one orthodontist (MC) in the 
graduate orthodontic clinic at the Universite Catholique de Louvain.  
Consent 
 All patients (in the UNC arm) who met inclusion criteria were approached by the 
principle investigator and inquiry was made about their willingness to participate in the 
study.  Participation was defined as the patient agreeing to the proposed treatment protocol 
(including the surgical protocol), and to allowing the use of data in the form of clinical exam 
and associated records (photos, models, etc.), treatment progress records, and CBCT data.  
Standardized consent, assent, and Health Insurance Portability and Accountability Act 
(HIPAA) authorization forms were completed to formally enroll patients in the study.  Any 
questions from the patients or parents were answered before consent was obtained.   
Sample Demographics 
 At the time of writing four patients had been enrolled into the UNC clinical arm of 
the study.  All were females ranging in age from 10 years 8 months to 12 years 3 months at 
the beginning of treatment.  Patient # 1 withdrew from the study after 6.5 months for 
personal reasons and her parent refused to allow the T2 CBCT to be taken.  Patient # 2 had 
two bone anchor failures and her parent elected to not have them replaced.  She withdrew 
from the study 3 months into the treatment.  Patients # 3, and # 4 in the UNC clinical arm of 
the study are currently in active treatment and have had T1 CBCT scans taken.  These 
patients will be followed according to the experimental protocols until completion, at which 
time T2 scans will be taken.  Zero patients from the UNC clinical arm of the study were used 
in the analysis of treatment outcomes reported in this study. 
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 At the time of writing, 6 consecutively completed patients identified from the Belgian 
private practice and university orthodontic clinic arms of this study had been completed and 
their treatment outcomes analyzed.  These 6 patients were comprised of 3 males and 3 
females with an average age of 11 years 8 months.  Demographics of the sample are 
summarized in the table 1 below.  
Table 1:  Age and Sex of Sample 
 Age at T1 
Sample Min Max Mean 
Males N=3 11y 9m 13y 3m 12y 6m 
Females N=3 10y 11y 10m 10y 9m 
Total N=6 10y 13 y 3m 11y 8m 
 
Experimental Protocols 
 The treatment protocols used in this study were based on the clinical experience of 
one orthodontist (HD) who developed this specific technique.  All attempts were made to 
adhere to the same protocols at all sites.   
Surgical Procedure 
In each patient four miniplates were placed in total--two in the infrazygomatic 
buttress region of the maxilla (one on each side) and two in the anterior mandible inferior to 
the canines (one on each side).  Surgi-tec Bollard miniplates (Surgi-tec, Bruges, Belgium) 
were used in this study.  These devices are titanium miniplates modified by incorporating an 
intraoral head with locking fixation screw to allow customizable attachments to be added 
(figure 1).  The maxillary surgical procedure involved making an L shaped incision with a 
convex anterior bend.  The vertical portion of the incision was made approximately 1 cm 
mesial to the infrazygomatic buttress and parallel to it.  This incision extended to 
approximately 2 mm below the mucogingival junction.  The horizontal portion of the incision 
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was then extended distally while remaining approximately 2 mm below the mucogingival 
junction and parallel to it.  A mucoperiosteal flap with a posterior border was reflected to 
expose the osseous surface.  The maxillary miniplate was contoured so that it made good 
contact with the cortical bone.  The miniplates were positioned so that the extension arms 
exited approximately 2 mm below the mucogingival junction through keratinized tissue 
(figure 1).  When at the appropriate location, the miniplate was secured with 3 titanium 
miniscrews following drilling of pilot holes with copious saline irrigation. 
In the mandibular surgical procedure a vertical incision was made in the region 
between the lateral incisors and canines.  The incisions were reflected and the mandibular 
miniplates were placed so that the extension arms exited approximately 2 mm above the 
mucogingival junction through keratinized tissue.  In the mandible the miniplate made for the 
right side was placed on the left side and vice versa.  This was done so that the extension 
arms pointed distally instead of the usual mesial direction.  This arrangement was determined 
to be more comfortable for the patient while wearing elastics.  All mucoperiosteal flaps were 
secured with 4/0 resorbable sutures. 
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Surgi-tec Bollard miniplate
Maxillary 
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Mandibular 
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Figure 1:  Titanium miniplates and surgical procedure 
 
In the UNC arm the principle investigator was present at all surgical procedures to 
deliver the temporary skeletal anchorage devices and ensure that protocol was followed.  All 
procedures at UNC were done by two different Oral and Maxillofacial Surgery residents at 
the UNC School of Dentistry.  In the Belgian arm of the study all procedures were done by 
the same experienced oral surgeon.  In all cases the surgeries took place under local 
anesthesia, with IV sedation.  General anesthesia was available if judged to be necessary by 
attending surgeon.  The surgical sites were allowed to heal for 2-3 weeks before orthodontic 
loading began. 
Post-surgical instructions included: 
• recommendation for ice application to minimize swelling for a minimum of 2 
hours after the procedure 
• avoidance of playing with the TADs with the tongue 
• prescription for Chlorhexidine rinse for 2 weeks 
• Ibuprofen (600 mg) every 8 hours for as long as needed 
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At the conclusion of orthopedic treatment the bone anchors were removed following 
the same surgical procedure as when placed.  These surgical procedures have been shown to 
be generally well tolerated by patients.61 
Orthopedic Protocol 
  Loading of the bone anchors began 3 weeks after the surgical procedure.  
Orthodontic elastics were attached to small extension hooks bent out of .032” x .032” 
stainless steel wire, which were secured directly to the intraoral extension arms of the 
miniplates by means of the locking screws.  One elastic was attached on each side, and when 
connected from the miniplates in the posterior maxilla to the miniplates in the anterior 
mandible, the vector of forces was downward and forward for the maxilla and backward and 
upward (counter clockwise) for the mandible (figure 2).  The elastics were chosen so that an 
initial force of approximately 150g was applied to each side.  This force magnitude was 
increased to 200g after one month of traction, and then to 250g after two months.  These 
forces were calculated with the patient in maximum intercuspation and verified using a 
Correx force gauge (Haag-Streit, Bern, Switzerland).  Due to differences in patient anatomy 
and distances between miniplates, there were a variety of different elastic sizes used in order 
to deliver the desired forces.  Patients were instructed to wear the elastics 24 hours per day—
only removing to brush teeth, and they were asked to replace old elastics with new ones at 
least once per day.  On the day of loading, oral hygiene instructions were reiterated with 
particular emphasis on brushing the soft tissue around the miniplates with a soft tooth brush.  
The mean duration of orthopedic traction to the maxilla in this study was 12.5 months, with a 
range of 9 to 14 months.  The ultimate decision about when to discontinue orthopedic 
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treatment was made based on observed treatment outcome.  When adequate positive overjet 
was achieved orthopedic treatment was discontinued. 
Image from Dr. Hugo De Clerck
 
Figure 2:  Clinical technique of attaching elastics to modified miniplates 
Radiographic Protocol 
In order to best describe the treatment outcomes seen with this technique it was 
decided to monitor skeletal and dental changes in 3D.  CBCT scans were taken immediately 
following the placement of the miniplates, and again at one year or the conclusion of the 
orthopedic treatment which ever came first.  Scans acquired at the UNC School of Dentistry 
were taken using the New Tom 9000 machine (Aperio Services, Sarasota, Florida), and those 
acquired in Belgium were taken with an iCat machine (Imaging Sciences International, 
Hatfield, PA).  The initial scan, taken immediately post-surgery was also used to evaluate the 
placement location of the anchors—which is best visualized in a three dimensional view.  
The final scan was taken at the conclusion of orthopedic treatment in order to have a means 
of assessing treatment effects.  The CBCT scans replaced the traditional radiographs taken 
during the course of orthodontic treatment and still provided the data needed to construct 
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panoramic and lateral cephalometric images.  With this approach the exposure to ionizing 
radiation beyond what is associated with the traditional exam, was minimized.  Upon 
completion of treatment the immediate pre-surgical (T1) scan and the final (T2) scan were 
processed and superimposed to ascertain the orthopedic and / or dentoalveolar changes.   
CBCT Data Processing 
 The data acquired from the CBCT scans was a series of DICOM (Digital Imaging and 
Communications in Medicine—the standard for distributing any medical images regardless 
of the machine used for acquisition) files, with one file for each of over 300 slices.  Before 
the images could be analyzed several steps had to take place to process the data using 
different software tools.  The method used in this study was an application of those 
previously described by Cevidanes57, 58, 62, but applied to growing patients. 
Image Acquisition 
The imaging protocol at UNC involved a 70 second scan in the New Tom 9000 
machine with a 12” field of view.  The maximum spatial image resolution was set at 0.3 mm.  
Images taken in Belgium using the iCat machine used a 40 second scan and a 16 x 22 cm 
field of view. 
Construction of 3D Models by Segmentation 
The data that came from the CBCT scans was initially in DICOM format.  This data 
had to be converted to a different format prior to beginning the segmentation process.  This 
conversion from DICOM to Gipl files was completed by the ImSel 3 software.  The Gipl 
files were then cropped and downsized into a low resolution format in order to minimize file 
size.  This process was completed by the Imagine version 1.2.1 software, and the output of 
this step was a low resolution Gipl file that was ready to be segmented.  Segmentation is the 
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process of defining the shape of structures in each orthogonal slice (axial, coronal, sagittal) 
by outlining the structures seen in each cross section (figure 3).  
 
Figure 3:  Segmentation process using ITK-SNAP software 
Segmentation of the maxilla, mandible, and cranial base was completed using the 
ITK-SNAP software63,64 which is a freely available open-source program.  ITK-SNAP is a 
tool for viewing 3D images, delineating and extracting anatomical structures, and it allows 
simultaneous visualization, navigation, and segmentation of all three planes (axial, sagittal, 
coronal) with a linked cursor system that allows tracking of a single voxel.63  Segmentation 
can be completed using two different modes:  semi-automatic segmentation and manual 
segmentation.  The semi-automatic mode employs an algorithm that allows a deformable 
bubble to grow to define borders between neighboring anatomical structures.   This algorithm 
requires some user interaction in the form of adjusting settings to optimize the segmentation 
process.  Due to minimal contrast between gray levels of certain anatomic structures (areas 
with thin cortical bone borders) the semi-automatic segmentation does not completely fill in 
all of the desired structures.  In these areas it is necessary to manually fill in the desired 
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structures that were missed.  The manual mode allows direct “painting” of structures where 
the goal is to stay within the lines of the anatomic structures in order to clean up or refine the 
results of the semi-automatic segmentation.  The outcome of this step is a true 3D surface 
model, which was created from both the initial and post treatment scans for each patient 
(figure 4).   
Pre treatment Post treatment
 
Figure 4:  T1 and T2 3D models prior to registration 
Registration of 3D Models 
Registration was completed using a novel sequence of fully automated voxel-wise 
rigid registration at the cranial base within the Imagine 1.2.1 Pipeline Software developed at 
UNC.  These methods, developed by Cevidanes et al65, were used in this study to mask 
anatomical structures altered by treatment or growth, and avoided reliance on observer 
dependent techniques based on superimposition of anatomic landmarks.  Initial and final 
segmentations were registered on anterior cranial fossa surfaces (specifically the endocranial 
surfaces of the cribiform plate region of the Ethmoid bone, and the frontal bone) (figure5).  
These structures have been shown to have completed growth at an early age.  Using 
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histological data from cadavers, Melsen66 reported that the internal surfaces of the frontal 
bone and the cribiform plate are the anterior cranial fossa structures that become stable at the 
earliest age.  Melsen found that remodeling at these structures has ceased after the age of 4 in 
the majority of cases.  She concluded that these structures were particularly well suited as 
references for radiographic analysis over time due to their stability in both the sagittal and 
vertical planes after age 6-7.  These findings confirm those of several earlier studies67, 68 that 
indicate completion of growth in these anterior cranial fossa structures early in life.   
Once the initial and final CBCT’s and segmentations were registered using these 
surfaces, then the segmentations were cropped to yield four different models:  a soft tissue 
profile model, a hard tissue skull model (including maxilla, mandible and cranial base), a 
maxilla and mandible only model (with cranial base cropped away), and a cranial base only 
model (with maxilla and mandible cropped away.).  Only after this step was completed could 
the models be superimposed and treatment change assessed. 
Unregistered 
Initial Model
Unregistered 
Final Model
Frontal 
Lateral
 
Figure 5:  3D models are registered on anterior cranial fossa surfaces outlined here. 
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Superimposition and Assessment of Treatment Change  
Before the 8 different models (initial and final for the soft tissue profile, skull, maxilla 
and mandible, and cranial base ) could be superimposed, the files had to be converted from 
Gipl to iv format to generate the 3D surfaces, using the program Vol 2 Surf to complete this 
process.  The outcome file was then loaded into the superimposition program, cmfApp.69  
Accurate quantitative measurement is necessary to assess treatment change, growth, and hard 
tissue surface remodeling.  Iterative Closest Point (ICP) is the method used by most 
commercial and academic 3D software programs for post treatment assessment, and the 
cmfApp software employs this method.65  Once loaded into cmfApp the initial and registered 
final models were able to be superimposed and the treatment change was expressed via color 
maps that represent the closest point surface distance from the final model to the initial one.  
Areas that are on the red end of the spectrum have positive mean surface distance values, and 
represent areas with outward movement, whereas areas on the blue end of the spectrum have 
negative mean surface distance values, and represent surfaces with inward movement (figure 
6).  Areas that are green showed no change in surface distance between the initial and final 
model.  However, it is very important to realize that a positional change of a mobile region 
(mandibular surfaces) would also be displayed as a color other than green.  An example of 
this is the case of a patient whose mandible was postured forward (condyles not fully seated) 
at the time of the initial CBCT.  If the mandibular posture changed during the course of 
treatment and the condyles were now fully seated, then the superimposition would show 
inward movement at the anterior mandible region, and outward movement at the posterior 
condylar surfaces.  Without careful understanding of what the color maps are showing this 
patient could be described as having resorption at the anterior mandibular surfaces and 
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apposition at the posterior condylar surfaces, when in reality posterior repositioning of the 
entire mandible occurred.  Color maps are a helpful aid in assessing outcomes, but require a 
basic understanding of what they are truly reporting, and care must be taken to not make 
incorrect interpretations about what actually occurred. 
 An alternative way of displaying the treatment change is to superimpose both models 
and modify the final model to be semi-transparent so that the underlying initial model can be 
visualized (figure 6).  The color map method allows for both visual and quantitative 
assessment of treatment change.  Both hard and soft tissue surfaces from the pre and post 
treatment models were assessed. 
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mm mm
Color Map 
Visualization Tool
Semi-transparency 
Visualization Tool
 
Figure 6:  3D model superimposition visualization tools 
Inter-examiner Reliability 
 The validity of the entire process of creating, registering, and superimposing 3D 
models for growing patients used in this study was tested by assessing inter-examiner 
variation.  Three separate examiners (GH, MC, LC) created 3D models from T1 and T2 
CBCT scans for three different patients and followed the previously described protocol for 
 34 
registration and superimposition.  For each patient, the three examiners’ superimposed 
registered models were simultaneously visualized using the cmfApp software in the color 
map view.  This software tool allows the user to define a surface distance value that is 
expressed as a contour line (isoline) on the superimposition that corresponds to regions on 
the model that have a surface distance of equal to or greater than the defined value (figure 7).  
Similarity between the different examiners’ models can be assessed in two ways:  1) the 
same surface distance value can be entered for each model and the area defined by the isoline 
boundary can be compared across examiners.  This approach provides a qualitative 
assessment of how closely the models match across examiners by simple visualization and 
comparison of the isolines given a fixed surface distance value.  2)  the isoline contours can 
be manipulated to encompass as closely as possible, the same specific anatomic surface 
region(s) in each of the models.  Once the isoline contours have been adjusted to include the 
desired surface region(s) then the surface distances associated with the location of the 
isolines chosen can be compared.  This approach allows a more quantitative assessment of 
how the superimpositions differ.  Both methods were helpful in this study, but the second 
approach was used in order to provide quantifiable data that defined how the process varied 
across the three examiners.  This comparison was carried out by one examiner (GH) while 
visualizing all three models simultaneously on multiple monitors. 
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Figure 7:  Illustration of color map visualization tool with isolines 
Creation of 2D Data  
 In order to allow comparison of the treatment outcomes of this study to existing data 
from RPHG studies, it was necessary to be able to report change in 2D as well as 3D.  
Dolphin 10.1 (Dolphin Imaging, Chatsworth, CA) imaging software was used to create 
lateral cephalometric projections from each initial and final CBCT data set.  Using the 
software the volume was oriented to midsaggital plane when viewing from the frontal, and 
Frankfort Horizontal from the right lateral.  All of the volumes were oriented in this manner 
to the best extent possible.  Following this manual orientation, the program was used to 
create the lateral cephalogram projections using the algorithm that recreates perspective 
(versus orthogonal) projections.  With this feature the software allows the user to specify 
where the central ray of the imaginary x-ray beam is focused.  In all cases the beam was 
centered on porion to most closely match the traditional cephalometric patient positioning 
situation.  Once the projections were created, they were enhanced to maximize the contrast 
and visualization of anatomic structures.  This enhancement was the same for all 
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cephalograms that were created.  All cephalograms were digitally traced by the same 
examiner (GH) using the Dolphin 10.1 program.  To assess measurement accuracy, all 
cephalograms were re-traced by the same examiner two more times for a total of three times 
each.  Intraclass correlation coefficients were found to be between 0.91 and 0.98 for all 
measures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
IV.  RESULTS 
2D Description of Outcomes 
For each of the 6 cases analyzed in this study two lateral cephalogram projections 
were created (T1 and T2) from the CBCT data.  These cephalograms were digitized 
according to the protocol previously described, and the following angular measurements 
were recorded:  SNA, SNB, ANB, MPA, U1-SN, and IMPA.  The linear distance between 
T1 and T2 A point was also evaluated using the Dolphin 10.1 x-y coordinate system using 
Sella as the coordinate center of the T1 tracing.  This coordinate system compared all T1 and 
T2 landmarks, and calculated the linear distance between them in millimeters.  All of these 
cephalometric measures are consistent with those that are most commonly reported in the 
existing body of literature pertaining to RPHG outcomes assessed by cephalometric change. 
There was considerable variation in the changes in angular cephalometric skeletal 
values across the sample, however the data do show some patterns.  The change in SNA was 
positive for all patients except one, and ANB showed positive change for all 6 patients.  The 
values for change in SNB and mandibular plane angle measured from SN-Go-Gn showed 
considerable variation (tables 2 and 4). 
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Table 2:  Skeletal cephalometric values (in degrees) for each patient 
PT Sex Age 
Tx 
Time 
SNA 
T1 
SNA 
T2 
T2-
T1 
SNA  
SNB 
T1 
SNB 
T2 
T2-
T1 
SNB  
ANB 
T1 
ANB 
T2 
T2-
T1 
ANB 
MPA 
T1 
MPA 
T2 
T2-
T1 
MPA 
1 F 10y 9m 84.6 88.3 3.7 88.3 86 -2.3 -3.7 2.3 6 24.7 27.6 2.9 
2 F 11y 13m 76.5 77.9 1.4 76.2 76.5 0.3 0.3 1.4 1.1 36.7 36.7 0 
3 M 
13y 
1m 14m 80.9 82 1.1 84.4 82.7 -1.7 -3.5 -0.7 2.8 31 30.9 -0.1 
4 M 
11y 
9m 13m 80.6 85 4.4 80.6 81.3 0.7 0 3.8 3.8 34.4 31.6 -2.8 
5 F 
11y 
10m 14m 82.4 82.3 -0.1 83.1 81.4 -1.7 -0.7 1 1.7 32.4 32.1 -0.3 
6 M 
13y 
3m 12m 76.6 78.4 1.8 76.8 75.7 -1.1 -0.2 2.7 2.9 33.5 35.5 2 
 
The dentoalveolar changes also showed significant variability.  Maxillary incisor 
angulation assessed by the U1-SN angle, showed positive change in three patients, while 
three patients showed negative change.  Mandibular incisor angulation assessed by the IMPA 
angle, showed a positive change for all patients.  (tables 3 and 4)  
Table 3:  Cephalometric values (in degrees) for dentoalveolar change for each patient 
PT Sex Age Treatment Time U1-SN T1 U1-SN T2 T2-T1 U1-SN IMPA T1 IMPA T2 T2-T1 IMPA 
1 F 10y 9m 111.5 114.3 2.8 88.9 94.4 5.5 
2 F 11y 13m 101.1 96.4 -4.7 79.6 79.7 0.1 
3 M 13y 1m 14m 109.2 107.7 -1.5 81.2 82.3 1.1 
4 M 11y 9m 13m 101.8 100.8 -1 79.9 87.3 7.4 
5 F 11y 10m 14m 107.7 110.5 2.8 86.2 88.4 2.2 
6 M 13y 3m 12m 94.2 94.6 0.4 85.3 87 1.7 
 
Table 4:  Descriptive statistics for changes in cephalometric values (in degrees) 
 
N Minimum Maximum Mean Std. Deviation 
SNA change 6 -0.1 4.4 2.1 1.69 
SNB change 6 -2.3 0.7 -0.97 1.2 
ANB Change 6 1.1 6 3.05 1.73 
MPA Change 6 -2.8 2.9 0.28 1.99 
U1-SN change 6 -4.7 2.8 -0.2 2.86 
IMPA change 6 0.1 7.4 3 2.83 
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 The linear change in millimeters for A point were calculated using the x-y coordinate 
system described earlier. The values for horizontal change showed considerable variation, 
but were all positive, ranging from 0.4 to 4.7 mm (table 5). 
Table 5:  Linear change (in millimeters) in A point for each patient. 
Patient Sex Age Treatment Time Horizontal A point change (mm) 
1 F 10y 9m 4.7 
2 F 11y 13m 2.5 
3 M 13y 1m 14m 2 
4 M 11y 9m 13m 4.3 
5 F 11y 10m 14m 0.4 
6 M 13y 3m 12m 3 
 
 
Comparison to Existing 2D Data 
  There are numerous studies2, 6-19, 35, 36, 70-74 that use cephalometric measures to report 
outcomes in patients treated with RPHG.  In 1999, Kim et al13 published a meta-analysis 
evaluating the effectiveness of protraction face mask therapy.  Fourteen studies met their 
inclusion criteria, which included having acceptable cephalometric quantification and a 
comprehensive description of treatment protocol.  The authors reported the results of all 
studies combined, as well as those stratified by age.  For the results of all studies combined 
the mean values for change during treatment were as follows:  SNA was 1.7 ±1.6 degrees, 
SNB was -1.2 ± 1.4 degrees, ANB was 2.8 ±1.9 degrees, MPA was 1.5 ± 1.7 degrees, U1 
angulation was 2.8 ± 6.9 degrees, and L1 angulation was -2.9 ± degrees.  This data is helpful 
in giving a general picture of what outcomes are seen in patients treated with RPHG.  
However, to make better comparison between the current study’s 2D results and those from 
existing RPHG data, it was necessary to summarize the results from studies that included 
patients of similar age range as the present study.  Kim et al provided this in their meta 
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analysis, however several other studies with samples of a similar age range were added to 
theirs to increase sample size.  Table 6 is an adaptation from Kim et al13 displaying treatment 
outcome by different age groups (range 9.6 to 15 years of age).  The cephalometric values are 
similar in pattern to those listed earlier from all studies not sorted by age, but the orthopedic 
changes tended to be slightly less.   
Table 6:  Summary of cephalometric values from studies with age range of 9-14 years  
        (adapted from Kim et al13) 
 
Author Mean Age (Range) N TX Time (months) 
T2-T1 
SNA 
T2-T1 
SNB 
T2-T1 
ANB 
T2-T1 
MPA 
T2-T1 
U1 
T2-T1 
L1 
T2-T1        
A pt. 
(horiz. 
mm) 
Kapust (10-14) @ T2 16 9.8 1.9 -1.2 3   1 -3.7 2.8 
Baik (10-12) @ T2 22 6.5 1.7 -1.1 2.8 1.8     2.2 
Baik (12-13) @ T2 15 6.5 1.7 -0.7 2.1       1.8 
Battagel 10.8 39 24 0.4 -0.6 0.9 1 4 -2.5 0.9 
Lim (10-12) @ T2 39 7.5 1.7 -1.5 3.2 2 1.5 -1.5 2.1 
Lim (12-14) @ T2 17 6.9 1.5 -1.6 3.1 1.8 1.2 -1.6 1.9 
Takada (10-12) @ T2 22 12 2 -1.2 3.3 1.6 1.8 1.4 
  
Takada (12-15) @ T2 19 17 0.9 -0.4 1.3 0.1 0.9 -0.6 
  
Sung 9.6 @ T1 20 8.9 1.7 -1.3 3 1.6     2.1 
Sung 10.6 @ T1 30 7.9 1.7 1.4 3.1 1.5     2.2 
Sung 11.5 @ T1 23 8.3 2 -1.1 3 1.7     2.1 
Sung 12.7 @ T1 18 9.1 1 -1.6 2.5 2.1     1.7 
Ishii (1987) 10.7 63 15.8 2.2 -1 3.2 0.9 5.4 -4.9 1.5 
Cozzani 10.2 8 13.5 3.5 1 2.4         
Total   351   351 351 351 312 215 215 302 
Mean     10.9 1.7 -0.78 2.6 1.5 2.3 -1.9 1.9 
 
  Compared to the RPHG data the results from the current study show some similarities 
as well as some distinct differences.  The treatment time was greater for this study sample 
than the RPHG studies (12.5 versus 10.9 months).  Mean values for change in SNA were 
slightly greater for this study than for the RPHG studies (2.1 versus 1.7 degrees).  Change in 
SNB was similar between the two groups (-0.97 degrees for this study versus -0.78 degrees 
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for the RPHG studies).  Values for ANB change were also similar between the two groups 
(3.05 degrees for this study versus 2.6 degrees for the RPHG studies).  The values of change 
for MPA showed greater difference with this study showing less of an increase than the 
RPHG studies (0.28 versus 1.5 degrees).  The greatest difference in values between these two 
groups was seen in the measures of upper and lower incisor angulations.  The patients in this 
study had a very small negative change in upper incisor angulation, whereas the RPHG 
studies showed positive change (-0.2 degrees for this study versus 2.3 degrees for the RPHG 
studies).  Even greater difference was seen for the lower incisor angulation.  This study 
showed a mean change of 3 degrees, while the RPHG data showed a mean change of -1.9 
degrees.  With regard to change in A-point, there was a mean change of 2.8 mm for this 
study, while the RPHG studies showed 1.9 mm of change.  These differences are 
summarized in Table 7.   
Table 7:  Comparison of cephalometric data from this study with RPHG data 
Sample Age @ T1 (Range) N 
TX Time 
(months) 
T2-T1 
SNA 
T2-T1 
SNB 
T2-T1 
ANB 
T2-T1 
MPA 
T2-T1 
U1 
T2-T1 
L1 
T2-T1   
A pt. 
(horiz. 
mm) 
Patient #1 10y 1 9 3.7 -2.3 6 2.9 2.8 5.5 4.7 
Patient #2 11y 1 13 1.4 0.3 1.1 0 -4.7 0.1 2.5 
Patient #3 13y 1m 1 14 1.1 -1.7 2.8 -0.1 -1.5 1.1 2 
Patient #4 11y 9m 1 13 4.4 0.7 3.8 -2.8 -1 7.4 4.3 
Patient #5 11y 10m 1 14 -0.1 -1.7 1.7 -0.3 2.8 2.2 0.4 
Patient #6 13y 3m 1 12 1.8 -1.1 2.9 2 0.4 1.7 3 
Mean Values 
for this Study 11y 8m 6 12.5 2.1 -0.97 3.05 0.28 -0.2 3 2.8 
RPHG 
Literature 
Total 
(9-15) 351 10.9 1.7 -0.78 2.6 1.5 2.3 -1.9 1.9 
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3D Description of Outcomes 
  Following superimposition of T1 and T2 models from each of the 6 cases, the 
treatment outcomes were assessed using the visualization tools previously described.  Each 
case was evaluated with focus on the following anatomic regions:  Anterior surface of the 
maxilla in the region encompassing A point, zygomatic processes of the maxilla, anterior 
mandible in the region of pogonion, anterior and posterior surfaces of the condyles, the 
inferior borders of the mandible, and the glenoid fossae (Appendices I-IV).  In order to make 
quantitative and qualitative assessments about changes observed in these regions, the color 
map and semi-transparency visualization tools were used in the cmfApp software.  The 
magnitude of change between T1 and T2 models for the various anatomic regions was 
calculated using the isoline tool on the color maps.  It is important to remember that all 
values are a representation of change that was equal to or greater than that value.  Detailed 
descriptions and superimposition images for each case are located in Appendices V-X. 
 While there was considerable variation in the outcomes reported at the various 
anatomic surface regions, there were findings that represent a pattern of change common to 
all cases (Figures 8-13).  All cases showed a positive change in the zygomatic process 
regions (Figure 8).  The values in these regions ranged from 1.2 to 3.8 mm, with a mean of 
1.97 mm.  The anterior maxilla region showed a positive change in all cases except one 
(figure 8).  The range of values in this region was -0.5 to 3.5 mm, with a mean of 1.7 mm.  
The anterior mandible in the region of the chin was variable in its magnitude and direction of 
change (figures 8, 9).  The range of values for this region was -2.7 to 1.3 mm, with a mean of 
-0.07 mm. 
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Figure 8:  Composite of 3D superimpositions for all cases (color maps) 
Initial
Final
 
Figure 9:  Composite 3D superimpositions of all cases (maxilla and mandible semi-
transparencies) 
While there were individual differences in surface distances between left and right 
condylar surfaces, in general there was very little difference between the two sides.  In all 
cases there was a positive change on the posterior surfaces of the condyles (figures 10,11).  
These values ranged from 0.5 to 3.3 mm, with a mean value of 1.7 mm.  With regard to the 
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anterior surface of the condyles, all cases showed negative change.  The range of these values 
was -0.5 to -3.1 mm, with a mean of -1.4 mm. 
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Final
 
Figure 10:  Composite of 3D superimpositions of all cases (superior view of maxilla and 
mandible semi-transparencies) 
The inferior border of the mandible showed positive change for all patients.  The 
range of values for this region was 0.3 to 3.4 mm, with a mean of 1.62 mm (figure 11). 
mm mm
 
Figure 11:  Composite of 3D superimpositions for all cases (posterior view color maps) 
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  In general all cases showed very little change in the glenoid fossae, but 3 showed 
slight negative change on the posterior and superior surfaces, and one showed slight positive 
change on the anterior surfaces (figure 12). 
mm mm
 
Figure 12:  Composite of 3D superimpositions for all cases (glenoid fossae color maps) 
Finally, the soft tissue upper lip and nasal region showed a positive change for all 
patients, but with considerable variance in magnitude (figure13).  The range in surface 
distance values for this region was from 0.4 to 4.6 mm, with a mean of 1.58 mm. 
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Figure 13:  Composite of 3D superimpositions for all cases (soft tissue semi-
transparencies)  
In summary it can be said that all patients in the sample experienced some level of 
skeletal advancement of the maxilla whether at the anterior surfaces or at the zygomatic 
process regions.  All cases showed changes at the condyle that can be attributed to 
remodeling and apposition, growth, positional change in the entire mandible, or some 
combination of any of these.  While the exact mechanism of change cannot be confirmed, it 
is clear that all patients experienced positive change on the posterior surfaces of the condyle, 
and negative change on the anterior surfaces.  The changes at the anterior mandible were not 
as consistent as those seen at the condyle.  The positive surface change at the inferior border 
of the mandible in all cases is most likely due to some positional change in the mandible that 
led to clockwise rotations of varying degrees.  This finding is consistent with the mean value 
for MPA change which was positive as well.  Finally, all cases experienced advancement of 
the upper lip and nose soft tissue regions, but in varying degrees.  Values for each anatomic 
surface region for each patient are summarized in the tables 8 and 9. 
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Table 8:  Surface distances (in millimeters as determined by isolines) by anatomic 
region for all patients  
 
PT Sex  Age TX Time 
Zygo-
matic  
Process 
Ant. 
Max. Chin 
Right 
Ant. 
Cond. 
Right 
Post. 
Cond. 
Left 
Ant. 
Cond. 
Left 
Post. 
Cond. 
Inf. 
border  
mand. 
Soft 
tissue 
upper 
lip 
1 F 10y 9m 3.8 3.5 0.6 -0.5 1.1 -0.5 1 2 4.6 
2 F 11y 13m 1.8 1.5 0.7 -1.3 1.6 -1.3 1.3 0.6 1.2 
3 M 13y 1m 14m 2.2 2.8 1.3 -0.9 0.5 -1.2 1.3 2.9 3.6 
4 M 11y 9m 13m 1.7 1.9 -0.2 -3.1 3.3 -2 3.2 0.3 1.9 
5 F 11y 10m 14m 1.2 1 -0.1 -1.6 1.2 -1.5 1.7 0.5 1.5 
6 M 13y 3m 12m 1.1 -0.5 -2.7 -1.5 1.9 -2 2.4 3.4 0.4 
 
Table 9:  Descriptive statistics of surface distances by anatomic regions for all patients 
 
N Minimum Maximum Mean Std. Deviation 
Zygomatic Process 6 1.1 3.8 1.97 0.99 
Ant. Max. 6 -0.5 3.5 1.7 1.4 
Chin 6 -2.7 1.3 -0.07 1.4 
Right Ant. Cond. 6 -3.1 -0.5 -1.48 0.89 
Right Post. Cond. 6 0.5 3.3 1.6 0.96 
Left Ant. Cond. 6 -2 -0.5 -1.42 0.56 
Left Post. Cond. 6 1 3.2 1.82 0.83 
Inf. Border  Mand. 6 0.3 3.4 1.62 1.34 
Soft Tissue Upper Lip 6 0.4 4.6 2.2 1.58 
 
Inter-examiner Reliability for 3D Superimposition Methods 
 There was some variation in the inter-examiner range of measurements across 
anatomic regions for three different patients, however these ranges were all less than the 0.5 
mm voxel resolution of the CBCT volume.  Composite images of 3D superimpositions that 
were compared for the assessment of inter-examiner reliability are included in Appendices 
XI and XII.  These findings are summarized in table 10. 
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Table 10:  Range of variation (in millimeters) in surface distance change for various 
anatomic landmarks for 3 different examiners 
 
 
Zygo-
matic  
Process 
Anterior 
Maxilla Chin 
Right 
Anterior 
Condyle 
Right 
Posterior 
Condyle 
Left 
Anterior 
Condyle 
Left 
Posterior 
Condyle 
Inferior 
border of 
mandible 
Soft 
tissue 
upper 
lip 
Range                   
Examiner 
#1 3.8 3.5 0.6 -0.5 1.1 -0.5 1 2 4.6 
Examiner 
#2 3.7 3.3 0.5 -0.5 1 -0.5 1 1.8 4.2 
Examiner 
#3 3.7 3.3 0.5 -0.5 1 -0.6 1 2 4.4 
Range 0.1 0.2 0.1 0 0.1 0.1 0 0.2 0.4 
Patient 
#2 
                  
Examiner 
#1 1.8 1.5 0.6 -1.3 1.6 -1.3 1.3 0.6 1.4 
Examiner 
#2 1.4 1.1 0.2 -1.2 1.5 -1.3 1.2 0.3 1.3 
Examiner 
#3 1.4 1.2 0.2 -1.5 1.5 -1.3 1.2 0.6 1.1 
Range 0.4 0.4 0.4 0.3 0.1 0 0.1 0.3 0.3 
Patient 
#3 
                  
Examiner 
#1 2.2 2.8 1.3 -0.9 0.5 -1.2 1.3 2.9 3.6 
Examiner 
#2 2.3 2.7 1.2 -0.7 0.5 -1.1 1.5 3.3 3.5 
Examiner 
#3 2.5 3.2 1.5 -0.6 0.1 -1.4 1.1 3.3 4 
Range 0.3 0.5 0.3 0.3 0.4 0.3 0.4 0.4 0.5 
 
 Given the variation in range of values across patients and anatomic regions it is 
difficult to make any definitive statements about whether specific regions vary more than 
others.  Qualitative assessment of all superimpositions using the color map visualization tool 
seems to show the most difference among the soft tissue models (Appendix XII), but again, 
even these differences were smaller than the voxel resolution of 0.5 mm.   
   
 
 
 
V:  DISCUSSION 
 The intent of this study was to evaluate a novel treatment technique and describe the 
outcomes observed.  The underlying hypothesis was that the innovative treatment would 
result in orthopedic correction with minimal dentoalveolar compensation.  The results seem 
to confirm this assumption in that all patients showed at least some positive skeletal effect 
with no adverse dentoalveolar effects. 
Limitations 
 This study is a first step towards defining outcomes associated with a novel Class III 
orthopedic technique.  However, the small sample size of 6 patients prevents the 
generalization of the results.  Without a larger sample it is impossible to make any 
assessment of the effect of age, sex, treatment duration, or other possible confounding 
variables on treatment response.   
 The use of CBCT data in this study allowed treatment outcomes to be described more 
thoroughly than if 2D data were used alone.  However, one limitation of 3D data is that it is 
still relatively new and we do not have the benefit of knowing what is normal with regard to 
3D changes over time due to treatment or growth.  It could be that 3D change seen in some of 
the less impressive cases is not significantly different from what would have been shown 
with growth alone.  Currently available 2D databases provide knowledge of how individual 
patients relate to others of similar age, sex, and race at a given point in time, however there 
are no normative or longitudinal 3D databases as yet.  With the use of CBCT in orthodontics 
increasing, 3D radiographic imaging may become the standard of care, but it is unlikely that 
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3D databases can be gathered and used to establish norms in a way similar to current 
cephalometric norms.  The inability to compare our results to existing 3D control data is 
definitely a limitation to this study.  The ability to use CBCT’s to create lateral cephalograms 
as intermediaries does allow some general comparisons to existing 2D data.  Clearly the use 
of 3D imaging allowed for a more comprehensive description of a new treatment technique, 
but the question must be raised, is this analytic method appropriate and practical for all 
patients?  Given the increased burden on the patient in the form of ionizing radiation 
exposure, coupled with the protracted length of time (25-40 hours total per patient) required 
to complete the segmentation, registration, and measurement processes, it seems that at this 
time such an analytic method has practical utility limited to research only.  These issues need 
to be addressed before widespread use of such an analytic method becomes practical. 
Variation in Treatment Response 
 All patients in this study showed some favorable response to treatment, but the 
variation in responses stimulates questions as to why some patients experienced greater 
change than others.  With such a small sample of patients it is difficult to identify a specific 
reason why one patient responded to treatment differently than his or her cohorts.  However, 
there seem to be several potential sources of inter-patient variation in outcomes including:  
age, sex, treatment duration, force magnitude, patient compliance, and TAD stability.  With 
regard to age, the sample in this study ranged from 10 years to 13 years 3 months at the 
initiation of treatment.  This range is on the high end of what has been reported in RPHG 
literature to be the most effective time to achieve optimum orthopedic change.  The patient 
who experienced the greatest changes in the maxilla, soft tissue, and had minimal mandibular 
change was also the youngest at 10 years old at T1.  On the other end of the age spectrum, 
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the oldest patient was 13 years 3 months at T1 and he had the least maxillary and soft tissue 
changes.  He also showed the second largest increase in MPA, and had the largest negative 
change at the anterior mandible.  It cannot be said with certainty that age was the reason for 
this variation, but taken in conjunction with the available literature on the early treatment of 
Class III patients it seems plausible that it had some effect.  Logic would suggest that 
beginning treatment earlier could increase the magnitude of orthopedic change.  Recall that 
the timing of the initiation of this treatment is in part dictated by the patient reaching a 
certain level of dental development (mandibular canines at or near eruption).  This leaves one 
to wonder if the possible benefits of this approach (minimal dentoalveolar compensation and 
less increase in MPA compared to face mask use) outweigh the ability to begin treatment 
earlier with RPHG or even face mask protraction with the use of only maxillary TADs.  The 
question requires further investigation with direct comparison of methods using a broad age 
range. 
 There were an equal number of males and females in this study and there does not 
appear to be any pattern with regard to treatment outcome and sex.  However, the interplay 
between developmental age and sex may very well be relevant.  That is, a 14 year old male 
may experience similar results to 11 year old female based on differences in timing of 
adolescent growth.  For this reason, chronologic age alone is likely a poor predictor of 
treatment outcome. 
 Treatment specific factors may also contribute to the variability in treatment response.  
It would seem logical that increased treatment time should give increased orthopedic change.  
The problem with trying to relate treatment time to observed treatment change in this study 
was that there was no pre-defined duration of treatment.  That is, treatment was continued 
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until the clinical goals were achieved.  Perhaps with a larger sample, a rate of change could 
be calculated.  The expected relationship between treatment duration and magnitude of 
outcome was not seen in this study.  In fact the case with the greatest orthopedic correction 
was treated for the shortest period of time.  This prompts consideration of other factors that 
may influence treatment duration, such as patient compliance.  One might expect that 
excellent compliance with this treatment would be easier to achieve than with the more 
cumbersome face mask appliance.  But, there are varying degrees of compliance among 
orthodontic patients who wear conventional interarch elastics as part of their treatment.  So 
why would we expect this sample to be different?  It seems logical that more elastic wear 
would lead to increased magnitude of treatment change and decreased treatment duration, but 
again this remains to be tested.     
Another treatment specific factor that may contribute to inter-patient variation is 
stability of the miniplates throughout the duration of treatment.  To be able to deliver force to 
the maxilla and mandible all devices must maintain at least a minimum level of stability 
throughout treatment.  There is likely a range of acceptability with regard to how stable the 
miniplate must be to do its job, however it is undoubtedly desirable for it remain as immobile 
as possible.  All patients from the Belgian arm of this study had clinical success throughout 
the duration of their treatment, defined here as remaining in place and not becoming 
excessively mobile during that time span.  The UNC patients had some difficulty with 
maintaining acceptable levels of miniplate stability.  One patient withdrew from the study 
after failure of a miniplate.  The same patient along with another patient who withdrew for 
different reasons had at least one other mobile miniplate each.  At the time of this writing one 
of the UNC patients in active treatment had one mobile miniplate that caused elastic loading 
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to be postponed.  While younger age groups have been reported to have lower success rates 
with these miniplates61, there still appears to be an inter-site disparity in failure of the devices 
in this study.  A possible explanation for this difference may be the differing experience 
levels of the surgeons who placed the miniplates despite attempts to strictly follow the same 
surgical protocol.  In Belgium all plates were placed by the same experienced oral surgeon, 
whereas at UNC the plates were placed by different oral surgery residents.  No matter what 
the difference in success between the two sites, the importance of maintaining stable 
miniplates during treatment was highlighted.  It is necessary to continue to study the 
variables that dictate clinical success with miniplates in patients of all ages.   
 Concerns about maintenance of stable miniplates throughout treatment played a role 
in the selection of force magnitudes used in this study.  It has been suggested that excessive 
force applied to any TAD may result in clinical failure, even though most of the literature 
fails to support this.43, 75, 76  For this reason the relatively low initial loading force of 150g and 
maximum of 250g per side was used.  Clinical experience of the private practitioner who 
developed this treatment seemed to confirm that these force magnitudes were adequate to 
achieve clinical improvement in patients.  Forces greater than 250 g per side have not been 
used with this treatment approach, and this raises the following question:  would greater 
force result in greater orthopedic change?  Forces used with tooth-born maxillary protraction 
by means of RPHG are usually in the range of 600-800g and sometimes as high as 1000g.  
To achieve the same amount of force applied to the maxilla, one might expect that greater 
total force would be necessary with the traditional approach than with the TAD approach.  
This idea seems logical because with the traditional approach the forces are distributed across 
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a much greater area in the form of the entire maxillary dentition and its periodontium; 
whereas, the force is applied directly to the skeletal maxilla when miniplates are utilized. 
 The variation in outcomes seen in this sample is interesting, however further 
perspective can be gained by comparing them with data from existing studies. 
Comparison to Existing 2D Data 
The orthopedic outcomes seen in this study were at least comparable to those 
expected with maxillary protraction using a facemask, and for some patients the results were 
perhaps better than expected.  The dentoalveolar changes with treatment seem to follow a 
different pattern than is seen with face mask treatment.  It has been well documented that 
face mask treatment results in an increase in maxillary incisor angulation and decrease in 
mandibular incisor angulation.11,15, 35, 71, 77  The results seen in this study were the opposite of 
this expected compensation—that is the maxillary incisors showed a range of response (-4.7 
to 2.8 degrees) with a mean of -0.2 degrees of change, and the mandibular incisors increased 
in angulation in every case (0.1 to 7.4 degrees).  These findings support the underlying 
hypothesis of this study which was that orthopedic treatment with TADs would result in 
maxillary protraction with minimal dentoalveolar compensation.  These dentoalveolar effects 
are likely explained by alteration of soft tissue equilibrium forces.  That is, perhaps increased 
tongue pressure results in proclination of lower incisors as the mandible is repositioned 
slightly more posterior.  Also, advancement of the maxilla may increase the forces from the 
upper lip upon the maxillary incisors resulting in uprighting of these teeth.   If this pattern of 
dentoalveolar changes could be shown to be a consistent finding with this treatment 
approach, then it would perhaps represent a distinct advantage to maxillary protraction by 
means of a face mask.   
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Another 2D finding from this study that was a possible deviation from what may have 
been expected in face mask treatment was the change in mandibular plane angle.  It is well 
documented that MPA tends to increase significantly during protraction facemask 
therapy9,15,71,77, while it decreases over the same time in untreated Class III patients.14, 74  
Change in mandibular plane in the patients assessed in this study ranged from -2.8 to 2.9 
degrees with a mean of 0.28 degrees.  Of the six patients, three showed negative change, one 
showed zero change, and two showed positive change in MPA.  One might expect increases 
in MPA would be minimized with this treatment based on the force vectors involved.  While 
facemask therapy is applying a downward and backward force to the mandible, this treatment 
applies an upward and backward force.  The MPA findings are interesting because if MPA 
could be shown to consistently decrease or remain nearly the same over treatment, then it 
would perhaps represent a distinct advantage to protraction face mask therapy.  This could 
certainly be a promising finding with regard to treatment of high angle Class III patients for 
whom any increase in MPA would be undesirable.   
  It is also possible to make comparisons between 2D data from this study and existing 
data from untreated Class III patients of similar ages.  The existing data on untreated Class 
III growth falls into one of three categories:  1) longitudinal data of untreated Class III 
subjects, 2) cross-sectional data from untreated Class III samples, or 3) historical 
cephalometric growth studies.  The ideal source of this type of data would be from a large 
sample of untreated Class III individuals who were followed longitudinally.  However, such 
a sample is not often found in the literature due to the low prevalence of Class III 
malocclusion in most populations and the appreciation by parents and dentists that 
individuals with this malocclusion can benefit from early treatment.78  Macdonald and 
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colleagues14 compiled serial cephalometric records from 27 untreated Class III individuals 
and they compared the annualized changes to matched Class I subjects from the University of 
Michigan Growth Study, and to a sample of patients treated with protraction face mask.  The 
comparison between the two control groups showed significantly less advancement of A 
point in the Class III group than the Class I group (0.41 mm versus 0.88 mm)  Perhaps even 
more interesting was the differences found between the treatment group and Class III control 
group.  SNA change for the treatment and control groups was 2.31 and 0.02 degrees 
respectively, with a difference between the two of 2.59 degrees.  SNB change for the 
treatment and control groups was -1.10 and 0.54 degrees respectively, with a difference of     
-1.28 degrees.  ANB change for the treatment and control groups was 3.38 and -0.52 degrees 
respectively, with a difference of 3.85 degrees.  Another study that used longitudinal data 
from untreated Class III patients was conducted by Chong et al8 in 1996.  The authors 
compiled cephalometric records from the Burlington Growth Study at the University of 
Toronto and the Bolton-Brush Growth Study at Case Western Reserve University.  They 
were able to gather records from 13 untreated subjects who were followed between the ages 
of 6 and 11.  They compared this control group to a matched group of patients who were 
treated with maxillary protraction by means of face mask.  The differences between the 
treatment and control groups with regard to changes in SNA, SNB, and ANB were similar to 
the findings of Maconald et al14.  These studies support the idea that without intervention the 
intermaxillary relationship in Class III malocclusions tends to worsen over time rather than 
improve, and are consistent with earlier findings.5, 79  Other studies15, 35, 74 compared 
treatment results in Class III patients to matched Class I controls and the findings indicated 
that maxillary protraction treatment results in significantly greater change in maxillary 
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position and intermaxillary relationships than would be expected with growth alone.  Among 
all of these studies that used Class I or III controls a pattern emerges:  SNA remained very 
nearly the same or even decreased, SNB increased slightly in every study, and ANB 
decreased in every study over periods of time that were the same as the treatment groups with 
which they were compared.  The findings from these longitudinal studies are similar to the 
results of studies that used cross-sectional data to try to assess untreated Class III growth.77, 
80, 81
 
In summary, untreated Class III patients tend to show less incremental maxillary 
growth, and greater mandibular incremental growth than either treated Class III patients or 
untreated Class I patients over the same period of time.  It is helpful to have this perspective 
when assessing the 2D outcomes in this study and weighing to what extent effects are 
attributable to treatment versus growth alone. 
Primarily angular cephalometric measures were used for 2D outcome assessment and 
comparison in this study.  These measures were used because they are commonly used in 
studies that report outcomes for other methods of maxillary protraction.  However, linear 
change in A-point is also commonly reported in these studies.  This value was assessed using 
the x-y coordinate system described earlier.  While the values obtained from this approach 
seem logical when compared to similar values from RPHG studies, there is a potential that 
they were affected by error associated with the software’s x-y coordinate system.  To 
elaborate further, the cephalograms were created from CBCT data in this study, and such 
cephalograms do not have a true vertical reference.  Angular measurements are not affected 
by differences in head position, but linear measurements can be.  The Dolphin 10.1 
software’s algorithm for calculating the x-y coordinate has not been validated at this point, so 
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the values presented for A-point change should be interpreted appropriately.  Such 
limitations in 2D assessment further emphasize the potential advantages of 3D analysis. 
While the 2D findings of this study are able to provide us with quantifiable data that 
fits into a frame of reference with which we are familiar, the entire picture is not able to be 
visualized until the outcomes are assessed in 3D. 
3D Outcomes 
 Though the 3D results were variable across patients several patterns seemed to 
emerge.  All cases showed positive change in the region of the anterior maxilla.  The 
magnitude of changes seen there were not dissimilar to what has been reported for A-point 
change with RPHG treatment.13, 14, 72, 73  However, cephalometric studies have been limited to 
assessing maxillary change by tracking positional changes of landmarks.  For this reason it 
has been nearly impossible to acquire information about how regions of the maxilla other 
than A-point respond to treatment.  This study showed that all cases had positive change at 
the zygomatic process regions of the maxilla.  Indeed it was interesting to see changes occur 
further superior and posterior on maxillary surfaces than perhaps would have been expected.  
The effects of maxillary protraction treatment on the zygomatic and infraorbital regions of 
the maxilla have not been widely reported.  Pangrazio-Kulbersh et al82 reported no change in 
the position of orbitale in young patients treated with maxillary protraction, while Nartallo-
Turley83 reported significant advancement of both key ridge and orbitale in similar patients.  
Most recently, Kircelli51 reported significant anterior movement of orbitale (mean of 3.3 mm) 
in patients treated with protraction face mask and maxillary TADs.  One possible explanation 
for the seemingly large amount of change observed in the zygomatic regions for patients in 
this study was the fact that these areas were closest to the miniplates.  With the point of force 
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application in the maxilla in such close proximity to the zygomaticomaxillary sutures, it is 
possible that greater change in this region could be achieved than with conventional methods 
of maxillary protraction (figure 14).  Until 3D outcomes of RPHG patients are reported, then 
there is no way of knowing if similar results occur with regard to regional maxillary change. 
 
 Figure 14:  Location of miniplate relative to zygomaticomaxillary suture 
The mandibular changes observed in this study are particularly interesting.  All 
patients showed a negative change on the anterior surfaces of the condyles and positive 
change on the posterior surfaces.  Change at the anterior mandible in the chin region were 
variable, with some patients showing positive change and some showing negative change       
(-2.7 to 1.3 mm).  With the absence of any other data from studies of TADs connected by 
intermaxillary elastics it is impossible to make comparisons of outcomes.  However, 
outcomes from chin cup therapy, which is perhaps the most similar treatment with regard to 
mandibular effects, have been reported.22  One explanation for the 3D changes observed at 
the condyles is that in all cases there was at least some posterior repositioning of the 
mandible.  The larger movements may have been associated with the resolution of an anterior 
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posturing of the mandible during the course of treatment, however in three of the six cases 
the color map visualization tool showed negative change on the posterior and superior 
surfaces of the glenoid fossae.  This finding would support earlier reports of glenoid fossa 
adaptations subsequent to posterior and superior directed forces from chin cup treatment.20, 22
 With such a small sample it is difficult to make any generalizations about what effect 
this treatment has on mandibular growth, but it is at least plausible that some remodeling of 
the glenoid fossa may occur.  The important questions relative to this potential finding are:  
1) is remodeling of the fossa a desirable outcome, and 2) is change in this region stable?  A 
longer follow up of these patients and comparison to untreated controls might be helpful in 
answering these questions.  
 The hard tissue changes observed in this study are very interesting, but equally as 
intriguing are the soft tissue outcomes.  There is virtually no published data to describe soft 
tissue changes in 3D over time for any sample, let alone growing Class III patients.  
Therefore, it is impossible to compare the soft tissue changes observed in this study to some 
known benchmark.  All cases showed positive change of varying degrees (0.4 to 4.6 mm) at 
the surface region that encompassed the upper lip.  Given that the underlying hard tissues of 
the maxilla tend to change very little over a similar period of time with no intervention, it 
seems unlikely that the observed pattern would occur with growth alone.  That being said, 
until further 3D soft tissue research is completed we can not be sure what caused the 
changes. 
 Clearly 3D imaging can allow for a thorough documentation of treatment outcomes, 
but with this great amount of information comes an obligation to continue to study and 
explore the findings.  This diagnostic tool allows us to assess change in anatomic regions 
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where we never previously could.  It will take some time for research to define what exactly 
is normal in these regions. 
Inter-examiner Reliability for 3D Superimposition Methods 
On the whole the inter-examiner reliability for the method of creating, registering, 
and superimposing 3D models was good.  There are several potential sources of the variation 
between examiners seen for the three cases analyzed.  Although much of the segmentation 
process is automated, there remains a significant portion of the process of creating 3D 
models that involves manual painting of structures to outline their surfaces.  Manual 
segmentation is often necessary in anatomic regions with thin cortical bone borders because 
the relatively low gray scale contrast in these regions prohibits the software from 
automatically defining the structures’ boundaries.  This process of having to fill in areas not 
segmented automatically introduces the potential for slightly different outlining of surface 
boundaries by different examiners.  In this study the anterior maxilla as well as zygomatic 
regions commonly required manual segmentation and minor differences in surfaces defined 
at least in part by this process could have contributed to the variations in mean surface 
distances between examiners.  Differences in the automated segmentation process could also 
lead to minor variations in mean surface distances between examiners.  Even though this 
process is automated it does require user input in order to define the properties of how the 
segmentation is achieved.  There is no pre-determined set of properties that optimize the 
automated segmentation process for each patient or anatomic region, so different settings are 
used even within the same patient.  A series of parameters that define the precision of the 
segmentation must be specified by the user.  Differences in what parameters were used to 
complete the automated segmentation could have led to minor differences in the 3D models 
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themselves.  Minor differences in the segmentation of the cranial base surfaces used for 
superimposition may also have contributed to the small variations seen.  If these surfaces 
were slightly different among the three examiners, then even by using the exact same 
automated 3D registration procedure the registrations could vary slightly.  One last potential 
source of the variation could stem from measurement error associated with comparing the 
isoline contours on the color map visualization tool for each of the examiners.  No matter 
what the source of the variations between examiners, the magnitude of the variation was 
smaller in all cases than the voxel resolution for the CBCT’s from which the models were 
created.  This fact seems to indicate that the variations are negligible and almost certainly 
clinically insignificant. 
Future Research 
While this study was able to answer some of the questions that were posed about 
what outcomes occur with the new treatment, at the same time it raised new ones.  It would 
be very enlightening to continue to enroll patients into an ongoing study that follows the 
same experimental protocols in order to develop a larger sample size.  With time, clearer 
patterns of change may be documented and conclusions may be drawn from the effect of age, 
sex, treatment time, force magnitude, or other variables on treatment outcome.  Extending 
this line of research further would also allow for the longitudinal assessment of patients 
treated with the new approach.  Such long-term follow-up would be very helpful in providing 
answers with regard to the stability of the outcomes achieved.  A logical next step might be a 
randomized clinical trial to directly compare outcomes (in 2D or 3D) from those treated with 
maxillary protraction using TADs to those treated with RPHG.  Furthermore, comparison of 
different approaches of maxillary protraction using TADs could be studied.  The utility of 
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maxillary protraction using intermaxillary elastics with TADs in both jaws could be 
compared with maxillary protraction from RPHG to TADs in the maxilla alone.  In the realm 
of 3D research, there are nearly endless opportunities for describing normal growth as well as 
treatment outcomes with focus on both the hard and soft tissues.  In years to come there will 
no doubt be advances made along these lines that will aid in the diagnosis and treatment of 
the preadolescent maxillary deficient patient. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
VI.  CONCLUSION 
• This pilot study is the first to evaluate in 3D the outcomes of maxillary protraction 
using TADs and intermaxillary elastics. 
• The innovative treatment technique does improve skeletal relationships in maxillary 
deficient Class III patients. 
• There appears to be minimal dentoalveolar compensation with this technique. 
• 3D data from CBCT is useful in documenting treatment outcomes in young patients. 
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APPENDIX 
Appendix I:   
Maxillary Anatomic Regions Assessed in 3D Using Isoline Contours 
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Appendix II: 
Mandibular Anatomic Regions Assessed in 3D Using Isoline Contours 
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Appendix III: 
Condylar Anatomic Regions Assessed in 3D Using Isoline Contours   
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Appendix IV: 
Soft Tissue Regions Assessed in 3D Using Isoline Contours   
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Appendix V: 
Case Description and 3D Superimpositions for Patient #1 
  Patient #1 was a female who was 10 years old at the time of the initiation of her 
treatment, and protraction was continued for 9 months at which point significant 
improvement in overjet prompted the decision to take the T2 CBCT.  Upon examination of 
the superimposed 3D models using the different visualization tools, it is evident that this 
patient experienced significant changes.  The anterior surfaces of the maxilla showed a 
minimum surface distance of +3.5 mm (outward) with the maxillary incisors showing change 
in excess of +5 mm.  There was a surface distance of +3.8 mm in the zygomatic process 
regions.  The anterior mandible in the chin region showed a surface distance of +0.6 mm, 
while the posterior and anterior surfaces of the condyles showed +1.0 and -0.5 mm (inward) 
respectively.  These mandibular findings are interesting and must be interpreted carefully.  
The slight outward change at the chin region coupled with the slight outward change at the 
posterior surfaces of the condyle are consistent with mandibular growth, slight posterior 
repositioning of the condyle in the glenoid fossa, or a combination of both.  The glenoid 
fossae regions are shown in green on the color map tool, indicating no change.  With regard 
to changes in the soft tissue, there was significant peri-oral change.  The color maps showed 
a minimum surface distance at the upper lip of +4.6 mm. 
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Appendix VI: 
Case Description and 3D Superimpositions for Patient #2  
 Patient # 2 was a female who was 11 years old at the time of initiation of her 
treatment.  Protraction was continued for 13 months until positive overjet was achieved.  
Superimposition of the 3D models showed modest changes.  The anterior surfaces of the 
maxilla showed a surface distance of +1.5 mm with the incisor region showing a similar 
amount of advancement.  There was a surface distance of +1.8 mm in the zygomatic process 
regions.  The anterior mandible region showed a surface distance of +0.7 mm, while the 
posterior and anterior surfaces of the condyles showed +1.4 and -1.3 mm respectively.  The 
mandibular findings point to some growth, but likely most of the changes, are due to a 
posterior change in posture between T1 and T2.  This is supported by the fact that the amount 
of negative (inward) change on the anterior surfaces of the condyles was almost identical to 
the amount of positive (outward) change observed on the posterior surfaces of the condyles.  
The glenoid fossae regions showed very little change on the anterior and superior surfaces, 
but slight negative change on the posterior surfaces.  With regard to changes in the soft 
tissue, there was a surface distance in the upper lip region of +1.2 mm.  The soft tissue of the 
chin and lower lip were unable to be accurately assessed with regard to change between T1 
and T2 because the initial scan was taken with the patient positioned in the scanner using a 
chin rest that shows up in the scan.  This same chin rest was not used in the final scan, so 
there was a significant artifact in this region on the superimposition. 
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Appendix VII: 
Case Description and 3D Superimpositions for Patient # 3 
 Patient # 3 was a male who was 13 years 1 month old at the initiation of his 
treatment.  Protraction was continued for 14 months until positive overjet was achieved.  
Superimposition of 3D models showed a significant change between the T1 and T2 scans in 
both the maxilla and mandible.  The anterior surfaces of the maxilla showed a surface 
distance of +2.8 mm, with the maxillary incisors showing approximately +4 mm of change.  
There was a surface distance of +2.2 mm at the zygomatic process regions.  The anterior 
mandible showed a surface distance of +1.3 mm.  The posterior and anterior surfaces of the 
right condyle had surface distances of +0.5 and -0.9 mm respectively.  The posterior and 
anterior surfaces of the left condyle showed surface distances of +1.3 and -1.2 mm 
respectively.  The mandibular changes for this patient were particularly interesting, and 
indicate a combination of significant growth coupled with postural change of the mandible.  
The patient presented with anterior crossbite at the time of the T1 scan, and likely had a small 
anterior and lateral shift of the mandible.  This is supported by the fact that the anterior 
surfaces of the condyle had a negative change and the posterior surfaces showed slight 
positive change.  When viewed in both the color map and semi-transparency methods it is 
clear that the mandible rotated clockwise.  This is supported by the fact that the surface 
distance change at the inferior border of the mandible was +2.9 mm.  This T2 effect is 
consistent with what would be expected to occur relative to an initial maximum 
intercuspation position that was over-closed and a result of a slight anterior shift to avoid 
incisal interferences.  That is, as the maxilla was advanced and positive overjet was achieved, 
the mandible was able to close to a different vertical dimension without encountering incisal 
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interferences.  The apparent mandibular shift seems to have had a lateral component as well 
as supported by a greater negative change on the left side lateral surfaces of the mandible, 
while the right lateral surfaces show more positive change.  This seems to indicate that the 
patient’s mandible was deviated slightly to his left at T1 and shifted back to the center at T2.  
The fact that the anterior mandible in the chin region showed positive change, while the 
entire condyle seemed to be posteriorly displaced, seems to support the idea that mandibular 
growth occurred during the treatment time.  The glenoid fossae regions showed no change as 
represented in the color maps by green colors on all surfaces.  With regard to changes in the 
soft tissue, there was a surface distance of +3.6 mm at the upper lip, while the lower lip 
showed a  change of approximately -2.5 mm. 
mm
Patient #3 Entire Skull: Color maps
mm
 
 
 77 
Patient #3 Maxilla and Mandible: Semi-transparency
Initial
Final
 
mm
Patient #3 Condyle / Glenoid Fossa Views
mm
 
 
 78 
Patient #3 Facial Soft Tissue
Initial
Final
mm mm
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 79 
Appendix VIII: 
Case Description and 3D Superimpositions for Patient #4 
Patient # 4 was a male who was 11 years 9 months old at the initiation of treatment.  
Treatment continued for 13 months until positive overjet was achieved.  Superimposition of 
the 3D models showed moderate maxillary protraction and an apparent postural change in the 
mandible.  The anterior surface of the maxilla showed a surface distance of +1.9 mm, with 
the maxillary incisors showing approximately +2.0 mm.  There was a surface distance of 
+1.7 mm at the zygomatic process regions.  The anterior mandible in the chin region showed 
a surface distance of -0.2 mm, while the posterior and anterior surfaces of the condyles 
showed surface distances of +3.3 and -3.1 mm respectively.  It appears that there was 
significant posterior repositioning of the mandible during treatment.  It is not clear whether 
this was due to the resolution of an initial anterior mandibular posture, or actual posterior 
displacement of the mandible.  The fact that there appears to be virtually no rotation of the 
mandible would seem to support the idea that the mandible was posteriorly displaced.  This 
idea is further supported by the nearly equal, but opposite values for the anterior and 
posterior surfaces of the condyles.  Finally, the anterior surface of the mandible showed 
slight negative change.  The fact that the amount of change at the anterior mandible was 
much less than the change at the condyle (-0.2 mm versus -3.1 mm) could also point to the 
idea that the mandible grew during this period of time.  The glenoid fossae regions showed 
no change on the anterior surfaces of fossae, but negative change on the superior and 
posterior surfaces.  With regard to changes in the soft tissue there was a surface distance of 
+1.9 mm at the upper lip and a very small inward change at the lower lip of approximately -
1.0 mm.   
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Appendix IX: 
Case Description 3D Superimpositions for Patient #5 
 Patient # 5 was a female who was 11 years 10 months old at the initiation of her 
treatment.  Protraction was continued for 14 months until positive overjet was achieved.  
Superimposition of the 3D models showed very modest change in both the maxilla and 
mandible.  The anterior surface of the maxilla showed a surface distance of +1.0 mm with the 
maxillary incisors showing approximately +1.5 mm of change.  There was a surface distance 
of +1.2 mm at the zygomatic process regions.  The anterior mandible in the chin region 
showed a surface distance of -0.1 mm, while the posterior and anterior surfaces of the 
condyles showed +1.7 and -1.6 mm of change respectively.  These mandibular changes seem 
to be indicative of a minor posterior repositioning of the mandible during treatment.  In the 
glenoid fossae regions there was no change at the superior, lateral, or posterior surfaces, but 
the anterior surfaces showed some slight positive change. With regard to soft tissue changes 
there was a surface distance of +1.5 mm at the upper lip, with very little change at the lower 
lip. 
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Appendix X: 
Case Description and 3D Superimpositions for Patient #6 
 Patient # 6 was a male who was 13 years 3 months old at the initiation of his 
treatment.  Protraction was continued for 12 months at which point treatment was suspended 
due to improvement in overjet despite reported poor cooperation with elastic wear.  
Superimposition of 3D models showed no significant advancement of the maxilla and some 
apparent positional changes in the mandible.  The anterior surface of the maxilla showed a 
surface distance of -0.5 mm with maxillary incisors showing approximately +0.5 mm of 
change.  There was a surface distance of +1.1 mm at the zygomatic process regions.  The 
anterior mandible in the chin region showed a surface distance of -2.7 mm, while the 
posterior and anterior surfaces of the condyles showed +2.4 and -2.0 mm of change 
respectively.  These mandibular changes are consistent with significant clockwise rotation of 
the mandible coupled with some posterior repositioning.  The rotation is seen clearly using 
the semi-transparency visualization tool, and is supported by the surface distance of +3.4 mm 
on the inferior border of the mandible.  The glenoid fossae regions showed no change on the 
lateral and anterior surfaces, but slight negative change at the posterior and superior surfaces.  
With regard to the soft tissue, there was very little change in the upper lip, with a surface 
distance of +0.4 mm.  However, the lower lip and submental region showed a negative 
change of approximately -2.0 mm.   
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Appendix XI: 
 
Composite of 3D Superimpositions Completed for 3 Patients by 3 Examiners for Entire 
Skull Models 
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Appendix XII: 
 
Composite of 3D Superimpositions Created for 3 Patients by 3 Examiners for Soft 
Tissue Models 
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